In a continuation of studies started by de Ruiter et al. (1993) , all known species of the Mortierella isabellina-group (Micromucor/Umbelopsis clade of O'Donnell et al. 2001 ) and a few other Mucorales and species of Mortierella were investigated by RFLP (including ITS1, 5.8S, ITS2 and the 5k end of the large subunit rDNA gene) and ITS1 sequence analyses. This monophyletic group is unrelated to Mortierella and is only distantly related to the core group of the Mucoraceae. M. longicollis falls outside the Umbelopsis clade. Molecular data resolved two subclades within the M. isabellina-group ; however, they are not correlated with any differences in sporangial wall and shape, spore pigmentation and shape, or sporangiophore branching. Therefore we subsume all taxa in one genus, Umbelopsis. The new family Umbelopsidaceae and the new combinations U. isabellina, U. ramanniana, and U. autotrophica are proposed.
INTRODUCTION
The relation of the 'Mortierella isabellina-group ' to the remaining species of Mortierella and its position within the Mucorales has long been a matter of debate. The Mortierellaceae (genera Mortierella, Dissophora, Echinosporangium, Actinomortierella, Modicella, and probably Aquamortierella, according to Benny & Benjamin 1993 , Kirk et al. 2001 differ from the remaining families of the Mucorales morphologically in sporangial and zygospore structures, and in growth habit with mainly dichotomously branching hyphae. Physiologically and ecologically they are distinct in being particularly prone to an oligotrophic mode of life. Their colonies also often have a garlic-like odour. This indicates a remote taxonomic affinity with the remaining families of the Mucorales (Benjamin 1979) . Molecular studies have shown that the Mortierellaceae are more closely related to the Endogonales than to the Mucorales (Yotsumoto & Mikawa 1993 , Gehrig, Schu¨ßler & Kluge 1996 , Tanabe et al. 2000 , O'Donnell et al. 2001 . The order Mortierellales was introduced with a minimal diagnosis by Cavalier-Smith (1998) , but the justification of its distinction from the Endogonales is uncertain.
The 'M. isabellina-group ', or subgenus Micromucor, though generally classified in Mortierella, with M. isabellina and M. ramanniana as the best known species, deviates from the remaining taxa of the genus by velvety colonies and a dense layer of erect sporangiophores, in most species pinkish or ochraceous spores, sporangia sometimes with a small columella. Its colonies lack a garlic-like odour (Turner 1963) . Three taxa of this group produce angular spores. This shape is due to pressure of the rigid sporangial wall (Tokumasu et al. 1990) . Isolates identified as Mortierella ramanniana var. angulispora (nom. inval.) are probably the commonest of these species; they also form copious chlamydospores and a pronounced columella, just like that found in M. ramanniana var. ramanniana. M. vinacea, also having angular spores, produces fewer chlamydospores and slightly darker, less abundant sporangia containing only a minimal columella, while a third such species, M. longicollis, has longer sporangiophores and often nodding sporangia. Linnemann (1941) classified this group as Mortierella sect. Pusilla (nom. inval., based on a confused interpretation of M. pusilla, a species that according to Oudemans's original drawing in Leiden (L) does not belong to this group) ; Linnemann (1970) called it sect. Isabellina (nom. inval.) . Mil'ko (1974) retained M. ramannianus and the associated varieties (at species rank) in Mucor sect. Ramannianus (nom. inval.), thus widely separated from Mortierella vinacea and M. isabellina in sect. Isabellina (not validly published). Gams (1977) introduced Mortierella subgen. Micromucor for the group, distinguishing it from all remaining sections left in the genus as subgen. Mortierella. Section Micromucor (Naumov 1935 (Naumov , 1939 nom. inval. Art. 36 ) was also introduced in Mucor for the same group of fungi. Linnemann (1941) described Mortierella nana with single-spored sporangia in section Pusilla, thus establishing the zygomycete affinities of this unusual fungus. The first to recognize the zygomycete affinity of Umbelopsis versiformis and its synonymy with M. nana was Martha Christensen in 1981 (pers. comm.). Von somewhat arbitrarily distributed the species of the 'M. isabellinagroup ' over the genera Micromucor (W. Gams) von , after Watanabe (1977 had described an isolate as Umbelopsis multispora without recognizing its zygomycete affinity because he saw some septa in the hyphae. This species (represented by CBS 236.82) turned out to be the same as Mortierella vinacea and the latter was recombined in Umbelopsis by von . The great morphological variability of U. nana was described in detail by Kendrick et al. (1994) . Decisive morphological features (in particular zygospores) that would be indicative of family relationship with either the Mortierellaceae or the Mucoraceae are lacking in Umbelopsis and Micromucor. Some of the species had originally been placed in Mucor, but the texture of the low colonies is atypical of this genus and the columella of the sporangia is absent or small. In addition, reddish sporangiospores are otherwise unknown in Mucor.
De Ruiter et al. (1993) started a series of multifacetted comparative studies on this group, using extracellular polysaccharides as a taxonomic criterion. Results of these studies also support a sharp delimitation of the M. isabellina-group from the Mortierellaceae. The present detailed molecular study was conducted to further examine the relationship of these taxa.
The GC content of nuclear DNA did not help resolve whether the M. isabellina-group should be separated from other species of Mortierella (Zhou, Huang & Zheng 1992) .
Using 18S rRNA sequences, Yotsumoto & Mikawa (1993) produced cladograms in which Mortierella s. str. and red species of the M. isabellina-group form two very distinct clades. A full account of this work has not been published. Tanabe et al. (2000) obtained similar results. Gehrig et al. (1996) in a more inclusive phylogenetic analysis also showed that the Mortierellaceae are either a sister-group to the Endogonales or possibly members of this order. O'Donnell et al. (2001) analysed representatives of all genera of the Mucorales, using sequences of the large and small subunits of the rDNA gene cluster and the translation elongation factor-1a gene exons. They convincingly showed that the very distinct Micromucor-Umbelopsis clade, although traditionally included in the Mortierellaceae, was a basal sister-group to all other genera of Mucorales, while species of the unrelated genus Mortierella could be used as outgroup to root the parsimony tree. The Micromucor-Umbelopsis clade is therefore sufficiently distinct from the Mucoraceae and deserves family rank.
In this study, all recognized species and varieties of the M. isabellina-group were investigated to examine their relationship with the Mucoraceae, the Mortierellaceae, and other members of the same group. Several molecular techniques were used to answer some questions that arose from morphological observations. For example, at which rank should the varieties of Mortierella ramanniana be classified ? Some isolates of uncertain position in this complex still remain to be placed. Are the Australian taxa, U. westeae and U. swartii, really distinct species? Are these taxa linked to M. ramanniana by new Japanese isolates with a unilateral wall thickening (described by Sugiyama et al. 2003 as U. gibberispora)? What significance is to be attributed to the variations in colony pigmentation of M. isabellina ? Is the distinction of U. roseonana from U. nana, based on a minor difference in pigmentation, justified ? Sugiyama et al. (2003) used sequences of the 28S subunit of rDNA in order to classify their new species U. gibberispora. They also included the ex-type strain CBS 222.29 (Naumov's original isolate designated ex-neotype by Va´nˇova´(1991) ) of Micromucor ramannianus var. angulisporus Naumov ex Va´nˇova1 991 in their analysis and found it closely associated with U. vinacea. As the name angulisporus has only been valid at varietal rank since 1991, it will not displace the well-known U. vinacea. However, a new species, U. angularis W. Gams & M. Sugiy. (Sugiyama et al. 2003) , had to be introduced for the above-mentioned isolates that had generally been misidentified as M. ramanniana var. angulispora.
From our results and those of our predecessors, we shall draw the necessary nomenclatural consequences at the end of this paper, introducing the family Umbelopsidaceae for the single genus Umbelopsis, and raising the former varieties to species rank. A detailed morphological survey of the species of Umbelopsis and a further analysis of the remaining questions will be provided in a third paper in this series.
MATERIALS AND METHODS

Fungal strains and culture conditions
Representative isolates of all known species and varieties and some deviating isolates were obtained from the CBS culture collection. The strains examined are listed in Table 1 . Cultures were grown in malt broth to obtain mycelium for DNA extraction.
DNA techniques
DNA extraction
The harvested mycelium was ground in a mortar with a pistil in liquid nitrogen. Genomic DNA was isolated using a previously described protocol (Meyer & Mitchell 1995) , dissolved in deionized water, quantified spectrophometrically and stored at 4 xC or at x20 x.
rDNA amplification
The internal transcribed spacer regions of the rDNA gene cluster, consisting of ITS-1, the 5.8S rDNA gene and ITS-2, were amplified with primers, homologous to conservative sequences within the small subunit (SSU) rDNA gene (primer SR6R : 5k AAGTATAAGTCG-TAACAAGG 3k) and the large subunit (LSU) rDNA gene (primer LR1 : 5k GGTTGGTTTCTTTCCT 3k). To amplify the ITS1 region alone, the primer SR6R in combination with a primer located in the 5.8S rDNA gene (primer 5.8S : 5k CGCTGCGTTCTTCATCG 3k) were used. For the RFLP analysis, a fragment of the rDNA gene cluster, including the ITS1, 5.8S gene, ITS2 regions as well as the 5k end of the LSU gene, were amplified as a single fragment with the primers SR6R and LR7 (5k TACTACCACCAAGATCT 3k) located 3 prime to the D2 region of the LSU gene (all LSU primers developed by Rytas Vilgalys (Duke University, Durham, NC ; www.biology.duke.edu/fungi/mycolab/ primer.htm). Amplification of the rDNA gene fragments was performed as described previously (Vilgalys & Hesters 1990 , Gams & Meyer 1998 ).
RFLP analysis
The approximately 2300 bp fragment extending from ITS-1 through the 5k end of the LSU rDNA gene, as detailed above, was amplified using the primers SR6R and LR7. For restriction fragment length polymorphism (RFLP) analysis, aliquots of 15 mL of each amplicon were digested with 20 U of the restriction endonucleases HhaI, AvaI, MspI, EcoRI, HaeIII, Sau3A (New England Biolabs, Beverly, MA), respectively, at 37 x for 3 h or overnight. Sau3A and HaeIII gave the most informative RFLP-profiles, which were subsequently used for all strains investigated. Restriction digests were separated by electrophoresis in agarose gels (2.0 % agarose supplemented with 1.0 % FMC agarose) for 6 h at 6 V cm x1 in 1r TBE buffer and detected by ethidium bromide staining.
Sequence analysis of the ITS1 region
Amplicons of the ITS1 region were purified over 'Magic PCR Columns ' (Promega, Madison, WI) according to the manufacturer's protocol. The PCR products were sequenced directly on an 373A ABI automated DNA sequencer, using 70 ng DNA and 10 pmol of either the primer SR6R or 5.8S to sequence the forward or reverse strands, respectively. Sequences reported in this paper have been deposited at EMBL under the accession numbers given in Table 1 .
Sequence data analysis
Sequence alignment was initially done by using the program Pileup of the GCG computer package (Genetic Computer Group, Madison, WI) and the alignment was manually optimized using the program SeqPup v.0.6 (iubio.bio.Indiana.edu/soft/molbio/ seqpup). Maximum parsimony analysis was performed using sequences of the ITS-1 region from 27 different strains, 3 Mucoraceae, 2 Mortierellaceae, and 22 taxa of Umbelopsidaceae with the program PAUP* 4.06.10 (PPC/Altivec) for a Macintosh (Swofford 2002) . The search for the most parsimonious trees was performed using the heuristic search option of PAUP* 4.06.10. Bootstrap analysis (Felsenstein 1985) with 1000 bootstrap replications using the heuristic search option of the program PAUP* 4.06.10 was carried out to test the robustness of the internal branches.
RESULTS
The Mortierella isabellina-group is unrelated to Mortierella
RFLP of the ITS-LSU regions
Among all restriction enzymes tested, only HaeIII and Sau3A generated informative RFLP patterns (H=HaeIII patterns and S=Sau3A patterns). The RFLP patterns obtained were distinctive and in most cases species-specific. Seven major RFLP profiles were identified (see Fig. 1A -B and Table 2 ). Patterns HE/SE-HH1/SH1 were specific for the Mortierellaceae, patterns HA/SA-HD/SD for the Mucoraceae, and patterns HH2/SH2-H1/S1 for the M. isabellinagroup, i.e. the Umbelopsidaceae. The RFLP patterns clearly separate Umbelopsis (RFLP patterns HH2/SH2 to HH5/SH4 and HI1/SI1 to HI6/SI3) from the subgenus Mortierella (RFLP patterns HE/SE to HG/SG and HH1/SH1), with the RFLP profiles generated from the subgenus Mortierella showing greater diversity.
Sequences of the ITS1 region
Parsimony analysis of the aligned 248 bp DNA sequences of the ITS-1 region (Fig. 2) 
Mortierella longicollis
This species, of which only one strain (CBS 209.32 ) is available, is morphologically close to U. vinacea with red sporangia and angular spores, but it has longer sporangiophores and the sporangia are often nodding; M. longicollis is distantly related to other taxa of the genus Umbelopsis and it may be more closely related to Mortierella. In the cladogram it appears close to Mortierella hyalina. But its real affinity will require further studies.
A major subdivision of the Umbelopsidaceae
RFLP
Two major groups of RFLP patterns, HH/SH and HI/ SI, are characteristic for this group. The first group with patterns HH and SH comprises Umbelopsis vinacea, U. isabellina, U. ovata, U. nana, and U. versiformis. The second distinct RFLP group with patterns HI and SI comprises U. angularis, U. autotrophica, U. ramanniana, Umbelopsis sp., U. gibberispora, U. westeae, U. swartii, and U. fusiforms. In the first group, HaeIII generated five distinct profiles and Sau3A four, with U. nana and U. versiformis/roseonana sharing the same Sau3A profile SH3, indicating a closer phylogenetic relationship between these two species than to the other species of this subclade. The RFLP group HI/SI is characterized by six HaeIII profiles and three Sau3A profiles. HaeIII clearly separates U. angularis, U. autotrophica, U. ramanniana/Umbelopsis sp./U. gibberispora, U. westeae, U. swartii, and U. fusiformis from each other. However, the RFLP profiles obtained with Sau3A suggest that these species are more closely related than the other species analysed (see Fig. 1A -B and Table 2 ).
Sequences
The Umbelopsis clade is divided into two well-supported subclades, which coincide with the two major RFLP patterns. and U. gibberispora) and also U. westeae, U. swartii, and the ochraceous U. fusiformis.
Distinction of critical species; status of the former varieties of Mortierella ramanniana and the Japanese Umbelopsis gibberispora
Two varieties have been distinguished in the past from typical Mortierella ramanniana, which typically has ellipsoidal spores and is thiamin-dependent. Var. autotrophica differs by having globose spores and being thiamin-autotrophic (Evans 1971) . Naumov (1935 Naumov ( , 1939 initially invalidly described Mucor angulisporus as a separate species ; it was reduced to varietal rank by Linnemann (1941) and validated as such by Va´nˇova( 1991) . Two taxa with angular spores are commonly found. The meagre original diagnosis by Naumov could apply to either the taxon that is close to U. ramanniana with a rather pronounced columella and copious chlamydospores, which Linnemann understood under this name, or to Mortierella vinacea (Dixon-Stewart 1932), which has fewer chlamydospores and sporulates more scantily in a slightly darker purple shade. These two taxa fall into each of the two subclades of Umbelopsis. Micromucor ramannianus var. angulisporus was typified by Va´nˇova´(1991) , 615, 368, 300, 255, 180, 141, 124, 116 HI6 1274, 548, 348, 316, 154 SI3 a The order in Table 2 corresponds with the sequence of patterns shown in Fig. 1 . b *, partial digestion.
region. Sequences of Umbelopsis sp. and U. gibberispora differ by 8 bp (3.2 %) for CBS 101744 or by 10 bp (4 %) for CBS 101226 from each other. These sequence differences are similar to those generally found between other accepted species of the genus, which suggests that these groups also represent distinct species. The newly described Japanese U. gibberispora ) is well-supported (89 % bootstrap).
Umbelopsis westeae and U. swartii
Umbelopsis westeae and U. swartii (Yip 1986 ) are closely related though distinct species. They differ morphologically only in the length of the spore appendage and sporangiophore size. These two species form a wellsupported clade (92 % bootstrap). They are characterized by distinct HaeIII RFLP profiles HI4 and HI5 (Fig. 1A , Table 2 ). Their ITS1 sequences differ by 1 bp (0.4 %). An intermediate position of U. gibberispora between U. ramanniana and U. westeae/U. swartii was expected on morphological grounds because of its unilateral wall thickening of the spores, which could be regarded as a precursor of the polar spore appendages in U. westeae and U. swartii. This hypothesis finds some support in the molecular findings of the ITS-1 sequence (Fig. 2) . Umbelopsis roseonana and U. nana
HaeIII RFLP analysis differentiated Umbelopsis nana (RFLP pattern HH4a) and U. roseonana (RFLP pattern HH4b) (Fig. 1A , Table 2 ). Sequences of three of the four isolates of U. nana from very diverse origins were found to have identical ITS-1 sequences, but U. roseonana (CBS 473.74) and one strain of U. nana (CBS 150.81) differ from the former in 6 bp out of 248 bp (3.2 % difference). Thus the separation of U. roseonana from U. nana is supported by all molecular data. This separation was originally made because of the pigmentation of U. roseonana, which could thus form a link to U. vinacea with multispored sporangia. Our finding that CBS 150.81, ex-type of U. versiformis, has an identical ITS sequence as U. roseonana, incited a reexamination of the culture and a pale pink pigmentation was observed. This suggests that these taxa are conspecific and U. versiformis has priority over the synonymous U. roseonana.
DISCUSSION AND CONCLUSIONS
Our findings again underline the distant relatedness of the Mortierella isabellina-group with the Mortierellaceae. The Mortierellaceae deviate so strongly from the remaining Mucorales that they require classification in a separate order. Morphological criteria reflecting their divergence include their fine, mostly dichotomously branched vegetative mycelium, their colonies often exhibiting a garlic-like odour and their optimal sporulation on meagre media such as soil extract or potato-carrot agars. The oligotrophic life-style (but strong chitinolytic potential) of Mortierella distinguishes the genus/family from the mesotrophic Mucorales. When present, zygospores are hyaline and smooth-walled or slightly indented and supported by unequal suspensors. Umbelopsis is not known to form sexual structures and thus its position in relation to the Mucorales could not be assessed in morphological systematics. It is not closely related to other genera of the Mucoraceae, no matter how broadly this family is conceived, and takes a basal position among the Mucorales, contrary to the suggestion by von (Malchevskaya 1939 : 25) , which, however, was not validly published (Art. 36). The name M. naumovii applies to a species isolated from peat and described as growing optimally at 30-46 x; it might therefore represent a species of Rhizomucor, although the spores, said to measure 2r1.7 mm, are too small. Species of Umbelopsis are known to be heat-resistant (Bollen & van der Pol-Luiten 1975 ) but they do not grow at such high temperatures.
A bipartition of the genus is evident from our phylogenetic analysis. This grouping was also seen in the analysis by Sugiyama et al. (2003) using 28S sequences. This subdivision is not correlated with a particular combination of morphological features and also does not coincide with the distinction of Micromucor and Umbelopsis as suggested by von . Two unispored species occur in one of the subclades together with multispored species. Pink and ochraceous pigmentation of the sporangia occur in both subclades. Species with angular spores occur in both subclades. Species with pronounced verticillately branched sporangiophores are not sharply differentiated from those with more irregular cymose branching. Therefore we chose to include all taxa within one genus, Umbelopsis.
The former varieties of Mortierella ramanniana are more distantly related and must therefore be raised to specific rank. It would have been interesting to correlate this refined classification of the U. ramanniana complex with the variation in esterase patterns observed by Peberdy & Turner (1968) if their isolates had been preserved. The bipartition of isolates identified thus far as Mortierella ramanniana var. ramanniana is a new finding and this problem will require further studies based on a more voluminous material. Similarly, the uniformity of U. vinacea has not been investigated sufficiently. The justification of distinguishing varieties or species in the U. isabellina complex also requires further studies.
Two pairs of species, U. roseonana/U. nana, and U. westeae/U. swartii are particularly closely related so that a distinction at varietal rank might be envisaged. Still their separation is supported by small but consistent morphological and molecular differences. A family of Zygomycetes, Mucorales. Colonies rather slow-growing, consisting of initially non-septate, slender hyphae. Sporangiophores densely cymosely or verticillately branched, with branches commonly arising in succession from an inflation of the stipe, forming a velvety layer, often with septa near the branching and at some distance below the sporangium. Sporangia globose or elongate, often reddish or ochraceous, multispored or single-spored, often with a more or less conspicuous columella. Spores globose or ellipsoidal, rounded or angular, in some species bearing appendages, pigmented like the sporangia. Chlamydospores filled with lipid material often abundantly formed. Zygospores unknown.
NOMENCLATURE
